The p53-family member TAp73 is a transcription factor that plays a key role in many biological processes. Here, we show that p73 drives the expression of microRNA (miR)-34a, but not miR-34b and -c, by acting on specific binding sites on the miR-34a promoter. Expression of miR-34a is modulated in parallel with that of TAp73 during in vitro differentiation of neuroblastoma cells and cortical neurons. Retinoid-driven neuroblastoma differentiation is inhibited by knockdown of either p73 or miR-34a. Transcript expression of miR-34a is significantly reduced in vivo both in the cortex and hippocampus of p73 −/− mice; miR-34a and TAp73 expression also increase during postnatal development of the brain and cerebellum when synaptogenesis occurs. Accordingly, overexpression or silencing of miR-34a inversely modulates expression of synaptic targets, including synaptotagmin-1 and syntaxin-1A. Notably, the axis TAp73/miR-34a/synaptotagmin-1 is conserved in brains from Alzheimer's patients. These data reinforce a role for TAp73 in neuronal development.
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cell death | neurodegeneration | Alzheimer disease T he p53-family member Trp73 is transcribed from two distinct promoters, resulting in isoforms containing or lacking the Nterminal TA domain, known as TAp73 (1, 2) and ΔNp73 (3), respectively; additionally, alternative 3′-splicing produces further variants (α, β, and so forth). In keeping with their sequence and structural similarities, TAp73 can mimic several p53 functions, including the transactivation of p21, Puma, and Bax, although p73 also has distinct transcriptional targets. Indeed, p73
−/− mice show developmental defects of the CNS; for example, congenital hydrocephalus, hippocampal dysgenesis, and defects of pheromone detection rather than the enhanced tumor susceptibility of p53 −/− mice (4). This development is not simply because of apoptosis, as the ectopic expression of p73 induces neurite outgrowth and expression of neuronal markers in neuroblastoma cell lines (5) and in primary oligodendrocytes (6) .
Several microRNAs (miRs) are regulated by p53 (7), although p73-dependent miRs have been less well studied. In particular, the miR-34 family (miR-34a to -c) has been shown to be a direct target of p53 (8) (9) (10) . Ectopic expression of miR-34 mimics several p53 effects, although in a cell type-specific manner. In mice, miR-34a is ubiquitous with the highest expression in brain, and overexpression of miR-34a in neuroblastoma cell lines modulates neuronal-specific genes (11) ; miR-34b and -c are mainly in the lung (12) .
Because both p73 and miRs, including miR-34a, have been implicated in neuronal differentiation, we have investigated the possibility that p73 drives miR-34a expression using WT and p73-null mice. We demonstrate that miR-34a is transcriptionally regulated by TAp73 and that, in turn, miR-34a regulates the expression of a number of synaptic proteins, in particular synaptotagmin I and syntaxin 1A in cortical neurons. Moreover, neuronal architecture is disorganized in p73-null mice, and manipulation of miR-34a expression is associated with both morphological and electrophysiological changes. We highlight the importance of the TAp73/miR-34a axis in neuronal differentiation and synaptogenesis.
Results
TAp73 Drives the Expression of miR-34a. To investigate whether p73 modulates the expression of miR-34a, we initially used the SAOS-2-TAp73β inducible cell line. TAp73β induces miR-34a expression (P < 0.05), but not miR-34b or miR-34c (Fig. 1A ) via a significant (P < 0.05) increase of its precursors (Fig. 1B) . To investigate whether the expression of miR-34a was because of an induction of its precursors or because of an increase of primary transcript (pri-miR-34a) processing (13), we evaluated by realtime PCR the levels of pri-miR-34a and the intermediate precursor (pre-miR-34a). Results in Fig. 1B show that TAp73β induces a significant (P < 0.05) increase of both precursors as well as mature miR-34a, indicating that TAp73 acts at the transcriptional level. We next explored if miR-34a is directly regulated by TAp73. Therefore, we cloned the miR-34a promoter, which contains a p53-consensus binding site, upstream of a luciferase reporter gene. The construct was transfected together with TAp73 in SAOS-2 cells. TAp73 significantly increased the luciferase activity (Fig. 1C , miR-34a promoter WT), depending on the p53 binding site (Fig. 1C) . In addition, TAp73β directly binds the miR-34 promoter (ChIP) (Fig. S1A ). TAp73α also induces miR-34a expression as shown by real-time PCR (Fig. S1B ), luciferase assay (Fig. S1C) , and by ChIP (Fig. S1D) .
Retinoic acid (RA) is an inducer of terminal differentiation in neuroblastoma cells (14) , and recently RA has been shown to induce miR-34a expression, as well as TAp73, in neuroblastoma cell lines (5, 15) . We therefore hypothesized that the RA-induced increase in miR-34a expression may be secondary to the induction of TAp73. To this end, we treated SH-SY5Y neuroblastoma cells with RA and isolated RNA at different times during the differentiation. RA induces the expression of both TAp73 and miR-34a (Fig. 1D) . To determine whether the increased expression of miR-34a required p73, we performed the same experiment in the presence of p73 siRNA. Fig. 1E shows that p73 knockdown abolishes the RA-induced increase in preAuthor contributions: M.A., E.C., R.A.K., and G.M. designed research; M.A., P.T., E.C., B.S.S., and P.R.d.v.C. performed research; R.K. contributed new reagents/analytic tools; M.A., P.T., R.K., P.N., F.M., and T.W.M. analyzed data; and M.A., R.A.K., and G.M. wrote the paper.
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This article is a PNAS Direct Submission. miR-34a as well as that of mature miR-34a. Confirming the ability of p73 to directly regulate miR-34a expression after RA treatment, Fig. 1F shows that RA induces binding of TAp73 to the miR-34a promoter. To evaluate the functional significance of the TAp73/miR-34a axis in neuroblastoma differentiation, we assessed the degree of neurite outgrowth when either of these was inhibited. Knockdown of p73 by siRNA, and transfection of antagomiR-34a, both significantly (P < 0.0005) reduced RAmediated neurite outgrowth ( Fig. 1G and Fig. S1E ).
miR-34a During Terminal Differentiation of Primary Cortical Neurons and in Vivo. To better understand, in a more physiological context, whether miR-34a might play a role in terminal neuronal differentiation, we tested the expression of miR-34a during terminal differentiation of mouse primary cortical neurons. After 7 d of in vitro culture (DIV7), embryonic day (E) 17.5 cortical neurons were fully differentiated morphologically (Fig. S1F) , and expressed GAP-43 (Fig. 1H ) and synaptic proteins (Fig. 1I) . We next examined expression of miR-34a and TAp73 during cortical neuron differentiation. Fig. 1J shows an increase in the expression of both α-and β-isoforms of TAp73 protein, together with an increase in miR-34a expression by DIV4 (Fig. 1K) . No significant changes were observed in ΔNp73 and p53 expression (Fig. S1G) .
To address whether the up-regulation of miR-34a observed during terminal neuronal differentiation required p73, we compared the expression of miR-34a during in vitro differentiation of primary cortical neurons from WT, p73 −/− , and TAp73 −/− mice. As shown in Fig. 1L , the increase of miR-34a is significantly less pronounced in cells from both total and TAp73 −/− mice compared with WT littermates. To validate the in vitro relationship between p73 and miR-34a expression, we investigated miR-34a expression in vivo. real time PCR analysis shows a significant reduction (∼50% in the cortex and 60% in the hippocampus) of miR-34a expression in p73 −/− mice compared with control mice (Fig. 2A) . To further verify the reduction of miR-34a level in the p73 −/− mice, we performed laser-capture microdissection analysis of three different regions of the cortex, and two regions of the hippocampus (CA1+CA2 and dentate gyrus), known to show developmental defects in p73 −/− mice (Fig. S2A ). Fig. 2B shows a significant reduction of mir-34a in the p73 −/− mice in all of the regions analyzed. Because miR-34a can also be induced by p53, we analyzed p53 expression in the same samples. Fig. S2B shows no significant differences in p53 mRNA levels in cortex and hippocampus between WT, heterozygous, or homozygous p73 knockout mice, in contrast to the partial or total reduction in p73 levels in p73 +/− and p73 −/− mice, respectively (Fig. S2C) . Moreover, DAPI staining of two layers of the cortex (Fig. S2D ) and H&E staining of the hippocampus (Fig.  S2E) shows no significant differences in cell number between p73 +/+ and p73 −/− mice and in hippocampal morphology at postnatal day (P) 2, when these experiments were performed.
To further explore whether similar temporal changes in expression of TAp73 and miR-34a also occurred during cerebellar development, we isolated RNA from whole cerebellum at the immediate postnatal stage (P0) and subsequently. Fig. 2C shows that miR-34a expression increased in parallel with that of TAp73 up to P4, after which other factors seem to contribute. An increase in miR-34a levels was also detected during postnatal development of the whole brain (minus the olfactory bulb), although this was more prolonged than in the cerebellum (Fig.  S3A) . In addition, p73 −/− mice show a delay in the increase of miR-34a, in particular at P3 (Fig. 2D) , further suggesting that TAp73 is one factor driving miR-34a expression during brain development in vivo.
mir-34a Modulates Expression of Synaptic Genes. To investigate the potential mechanisms whereby miR-34a affects terminal neuronal differentiation, we performed overexpression experiments. Bioinformatics analysis (Fig. S4A) suggested that several synaptic genes contain miR-34a consensus sites in their 3′ untranslated region (3′UTR), and we therefore focused on the potential regulation of synaptic genes by miR-34a. Thus, when DIV5 cortical neurons were transfected with pre-miR-34a, we found reduced mRNA levels of synaptotagmin I, and synapsin I and II 24 h posttransfection (Fig. 3A) as predicted targets (Fig. S4B) .
Computational analysis of mouse 3′ UTR of these proteins show the presence of three binding sites for miR34a in Syt-I, in positions 187 (poorly conserved), 1543, and 1563 (highly conserved), respectively (Fig. S4B) , and one conserved binding site in the 3′ UTR of Stx-1A (position 516) (Fig. S4C) . We therefore concentrated on two synaptic proteins: synaptotagmin I (Syt-I) and syntaxin 1A (Stx-1A). Fig. 3B shows that miR-34a reduces luciferase activity of both promoters by roughly 50%. Similar results were obtained with the other miR-34 family members or a combination of these ( Fig. S4 B and C) . Deletion of the miR-34a target sites abolished the 3′ UTR responsiveness to miR-34a overexpression (Fig. 3B) . The effect of miR-34a overexpression on Syt-I and Stx-1A transcripts was confirmed at the protein level because (Fig. 3C ) cortical neurons transfected with pre-miR-34a showed a significant reduction in expression of the two proteins after 72 h. No significant differences were observed when membranes were reprobed with GAP-43 antibody (Fig. S5A) , indicating the selective effect of miR-34a on these synaptic proteins.
In addition, the absence of p73 impairs the expression of the two miR-34a validated targets. Thus, during terminal differentiation in vitro we found that cortical neurons from p73 −/− mice show an altered kinetics, particularly of Syt-I during differentiation (Fig. S5B, lanes 3 and 4) . No significant differences were found in GAP-43 expression between WT and p73 −/− mice (Fig.  S5C) . We also investigated whether TAp73 could regulate Bcl-2 expression, a well-established miR-34a target (12) . Results in Fig. S5D show that the absence of TAp73 does not significantly affect the level of Bcl-2 protein during in vitro cortical neurons differentiation (Fig. S5D) , suggesting that Bcl-2 is regulated by distinct pathways.
Role of Endogenous miR-34 in Neurons. On this basis, we asked whether the endogenous level of miR-34a is able to regulate per se the expression of these two targets. First, to suppress miR-34a function, we transfected cortical neurons either with a specific miR-34a inhibitor or with a scrambled control, and measured the mRNA levels of Syt-I and Stx-1A by real-time PCR after 24 h. When miR-34a function was suppressed by Locked Nucleic Acid (LNA)-miR-34a, we found significant up-regulation of Syt-I, and to a lesser extent Stx-1A, but not GAP-43 mRNA (Fig. 3D) .
We next performed Western blot analysis to investigate whether the knock-down of miR-34a also affected the steady-state protein levels. After 72 and 96 h, we observed a significant increase of Syt-I and Stx-1A, respectively (Fig. 3E) . To investigate whether miR-34a could regulate these synaptic proteins in vivo, we performed laser-capture microdissection of the cerebellum. Because Stx-1A mRNA is only slightly affected by miR-34a modulation, we focused on Syt-I. In particular, the granular, molecular and Purkinje cell layers were microdissected (Fig. S5E) and expression of miR-34a and Syt-I was evaluated by real-time PCR. Results in Fig. 3F show that miR-34a is more highly expressed in the molecular and Purkinje layers than in the granular cell layer. In parallel, Syt-I expression is significantly lower in the molecular and Purkinje layers, suggesting that miR34a negatively regulates Syt-I expression in the cerebellum in vivo.
TAp73 and miR-34a in Alzheimer's Disease. To investigate whether the experimental changes induced by manipulation of the p73/ miR-34a axis were also conserved in neuronal pathology, we investigated the levels of TAp73, miR-34a, and two of their targets, Stx-1a and Syt-1, in Alzheimer's disease (AD) brains. We extracted total RNA from 20 control and 29 AD brains (hippocampal region) and used real-time PCR to assess the level of expression of these four transcripts. As shown in Fig. 4A , we found a significant increase of both miR-34a (control 123.3 ± 8.8 vs. AD 195.7 ± 20.7) and TAp73 (control 84.09 ± 13.6 vs. AD 172.8 ± 31.9) in the AD hippocampus. In addition, the levels of TAp73 and miR-34a in individual AD brains showed a significant positive correlation (Fig. 4B) . In contrast, the levels of the synaptic proteins were reduced (Syt-I control 95.2 ± 20.28 vs. AD 30.6 ± 8.2 and Stx-1A control 79.9 ± 13.2 vs. AD 35.8 ± 6.0), and the expression of Syt-1 was significantly negatively correlated with that of miR-34a ( Fig. 4C and Fig. S6 ).
miR-34a and Apoptosis in Cortical Neurons. Because miR-34a induced by p53 can regulate apoptosis (9, 10), we investigated whether miR-34a could also play a role in the apoptosis of neurons treated with etoposide or staurosporine. Both treatments induced apoptosis in cortical neurons (Fig. S7A, Left) , but only etoposide treatment induced a significant increase of miR-34a (Fig. S7A, Right) . Moreover, etoposide up-regulated the expression of p53 but not of TAp73, suggesting that p53, and not TAp73, is the regulator of miR-34a following this apoptotic stimulus (Fig.  S7B) . Importantly, the absence of p73 did not impair the apoptotic response to etoposide (Fig. S7C ) nor did it prevent the increase in expression of miR-34a (Fig. S7D) . To investigate the functional significance of miR-34a up-regulation during DNA damage, DIV4 cortical neurons were transfected with pre-miR34a. Ectopic expression of miR-34a by itself did not induce apoptosis as evaluated by flow cytometry analysis and Western blot with antibody against cleaved caspase-3 (Fig. S7E) . However, etoposide treatment did result in increased binding of TAp73 to the miR-34a promoter by ChIP (Fig. S7F, Upper) , as well as producing increased levels of pri-miR, pre-miR, and mature miR34a (Fig. S7F, Lower) .
Discussion p73 is implicated in neuronal stemness (16) (17) (18) (19) , differentiation, and survival. Indeed, p73 deletion results in neuronal and immunological pathologies, including hydrocephalus and hippocampal dysgenesis, with abnormalities in the CA1-CA3 pyramidal cell layers and in the dentate gyrus (4). The hippocampal defects are largely present in the selective TAp73 −/− mice (20) , suggesting that TAp73 affects neuronal differentiation. Overexpression of TAp73 also increases spontaneous differentiation of oligodendrocytes from precursor cells (6) , and its role in differentiation of the nervous system may therefore not be confined to neurons (5) . In contrast, ΔNp73 has been shown to act together with ΔNp63 in regulating the survival of cortical precursor cells (21) , and both p73 +/− and selective ΔNp73 −/− mice are more susceptible to neurodegeneration (22, 23) .
Here, we demonstrate that TAp73 acts, at least in part, through miR-34a to regulate neuronal differentiation. TAp73 isoforms selectively transcribe miR-34a, and RA-induced in vitro neuroblastoma differentiation and terminal differentiation of cortical neurons are accompanied by increased expression of both TAp73 and miR-34a. Finally, RA-induced differentiation of neuroblastoma cells is inhibited both by knockdown of p73 or by antagomiR34a. In vivo, miR-34a expression is reduced in the brains of p73 −/− mice, and the induction of miR-34a expression is delayed in the cerebellum of the p73-null mice. Overall, our data suggest that TAp73 is a relevant regulator of miR-34a. Because an increase of miR-34a is also observed in a p73-null context, we cannot exclude the possibility that other members of the p53 family can participate in this regulation (Fig. S3B) . In addition, we demonstrated a possible TAp73/p53 independent mechanism in miR-34a regulation. Indeed, here we show that the expression of mir-34a is also upregulated by neuronal activity (Fig. S3C) , as has already been demonstrated for other miRs (24) . We have also identified two synaptic proteins as TAp73/miR-34a targets, and show that miR-34a overexpression produces changes in dendritic spine morphology together with electrophysiological abnormalities, as shown in Agostini et al. (25) . Finally, we demonstrate that levels of TAp73 and miR-34a are increased in brains of patients with AD, with a corresponding reduction in the levels of the same synaptic targets.
Both TAp73 and p53 (26) induce the expression of miR-34a by acting on the p53-binding sites present in the miR-34a promoter, although in completely distinct contexts. This finding indicates that miRs can be involved in different pathways, depending on the stimuli and the cellular context. Indeed, in our experimental model, the expression of TAp73 and miR-34a, both in vivo and in vitro, is particularly evident at times when synaptogenesis is taking place. Using gain-of-function experiments as well as luciferase assays, we identified Syt-I and Stx-1A as direct targets of miR-34a. In accordance with previous work (27), we did not observe any effect of miR-34a overexpression on apoptosis of cortical neurons, suggesting that the effect of miR-34a on Syt-I as well as on Stx-1A in neurons is not linked to the apoptotic response.
Syt-I is a member of a protein family, which shows different patterns of spatiotemporal distribution during development (28, 29) and which is expressed on synaptic vesicles where it regulates fast synchronous Ca 2+ -mediated-exocytosis of neurotransmitters. Stx-1A is also a regulator of ion channels and neurotransmitter transporters, although it clearly has other functions because Stx-1A null mice die in utero (30) . Our data show that the complexity of the dendritic tree of cortical neurons, as well as the morphology of hippocampal dendritic spines, is affected by miR-34a, possibly resulting, at least in part, from altered expression of Syt-1 and Stx-1A (25) .
Preliminary evidence already implicates p73 and miR-34a in the pathogenesis of AD: an altered subcellular distribution of p73 has been described in the hippocampus of AD brains with increased nuclear localization and accumulation of neurofibrillary tangles, although the specific isoform has not been defined (31) . p73 polymorphisms have also been suggested to influence the phenotypic manifestations of AD (32) , and TAp73α has been shown to phosphorylate Tau (33), possibly by a JNK-dependent mechanism. Indeed, p73 +/− mice are more susceptible to AD and have increased phospho-Tau within neurofibrillary tangles (22) . Expression of miR-34a has also been reported to be increased in the cortex in mouse models of AD (34) . Our data would appear to confirm these data and establish a relationship between p73, miR-34a, and their targets in AD pathology. Although, these data do not establish a causal relationship between p73 and disease, its aberrant expression, localization, and effects upon synaptic proteins, described here, may be a relevant consequence of the disease process. Intriguingly, recent data has suggested the involvement of the entire p53 family in AD.
Together, these data therefore provide a mechanism, involving miR-34a and its synaptic protein targets, for the role of p73 in neuronal differentiation and degeneration, exemplified by the phenotype of total and TA-selective p73 knockout mice.
Methods

Mice. The p73
−/− and TAp73 −/− mice were generated as previously described (4, 20) . Mice were bred and subjected to listed procedures under the project license released from the United Kingdom Home Office.
Cell Culture and Transfection. Cells were transfected by Lipofectamine 2000 or Lipofectamine LTX and PLUS reagent according to the manufacturer's protocols (Invitrogen). Details are provided in SI Methods.
Luc Assay. Details are provided in SI Methods.
Chromatin Immunoprecipitation. Details are provided in SI Methods.
RNA Extraction and Real-Time PCR. Total RNA from cells or tissue was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. Details are provided in SI Methods.
Laser-Capture Microdissection. Details are provided in SI Methods.
Bioinformatics. Details are provided in SI Methods.
Western Blot. Proteins were extracted with RIPA buffer containing mixture inhibitors (Roche) and separated on SDS-PAGE. Details are provided in SI Methods.
Alzheimer's Disease Samples. RNA was extracted from snap-frozen brain tissue from the London Neurodegenerative Disease brain bank. Details are provided in SI Methods.
Statistical Analysis. All results are expressed as means ± SD. P < 0.05 was considered significant.
